Remotely triggered hysteretic heat dissipation by magnetic nanoparticles (MNPs) selectively attached to targeted proteins can be used to break up self-assembled aggregates. We applied this magnetothermal approach to the amyloid-β (Aβ) protein, which forms dense, insoluble plaques characteristic of Alzheimer's disease. Specific targeting of dilute MNPs to Aβ aggregates was confirmed via transmission electron microscopy (TEM) and was found to be consistent with a statistical model of MNP distribution on the Aβ substrates. MNP composition and size were selected to achieve efficient hysteretic power dissipation at physiologically safe alternating magnetic field (AMF) conditions. Dynamic light scattering, fluorescence spectroscopy, and TEM were used to characterize the morphology and size distribution of aggregates before and after exposure to AMF. We found a dramatic reduction
in aggregate size from microns to tens of nanometers, suggesting that exposure to an AMF effectively destabilizes Aβ deposits decorated with targeted MNPs. Experiments in primary hippocampal neuronal cultures indicated that the magnetothermal disruption of aggregates reduced Aβ cytotoxicity, which may enable future applications of this approach for studies of protein disaggregation in physiological environments.
Introduction
The aggregation of proteins such as amyloid beta (A), prion, and α -synuclein is the hallmark of over forty major human diseases. [1] These range from neurodegenerative conditions, such as Alzheimer's (AD) and Parkinson's disease, to non-neuropathic disorders, such as Type II diabetes and cardiac amyloidosis.
In an AD brain, the monomer of Aβ, a 42 amino acid peptide sequence (Aβ ~ 4.5 kDa), which is unstructured in solution, nucleates and grows to form insoluble fibrils with a characteristic cross-β-sheet structure. Fibrils then coalesce to form dense amyloid plaques bound by hydrogen bonds and hydrophobic interactions between the β-sheet structures. [2, 3] Although the mechanisms of AD pathogenesis are not fully understood, it is hypothesized that clearance of Aβ aggregates can result in cognitive improvement and reverse the progression of the disease. [4] [5] [6] Recently, soluble forms of Aβ protein oligomers rather than aggregates have been implicated in AD pathology. [7] [8] [9] [10] Thus, precise, minimally-invasive control of Aβ aggregation state may enable basic studies of the role of this peptide in AD pathogenesis. β-sheet breaker peptides and nanoparticles have been investigated as laboratory tools to disrupt fibril and aggregate formation. The former can hinder Aβ aggregation at high concentrations, though with limited efficacy due to insufficient steric hindrance. [11, 12] Similarly, nanoparticles can prevent amyloid aggregation via protein adsorption on their surface. [13] However, the mechanism of this passive inhibition is not well understood, and depending on their concentration and surface chemistry, nanoparticles may instead accelerate protein aggregation. [14] Local heating of gold and graphene oxide nanoparticles in the presence of microwave and near infrared electromagnetic waves has been suggested as a means to disaggregate amyloid deposits. [15] [16] [17] [18] [19] However, noninvasive delivery of NIR and microwave radiation deep into the brain at the required intensities may limit the feasibility of these approaches, due to scattering and absorption by several centimeters of skin, skull, dura matter. [20, 21] In this article, we present a method to remotely disaggregate Aβ deposits using the local heat dissipated by magnetic nanoparticles (MNPs) in the presence of an alternating magnetic field (AMF) (Figure 1) . Due to the low conductivity and magnetic susceptibility of biological matter, AMFs with frequencies ranging 10 kHz-10 MHz penetrate deep into body with negligible attenuation, [22] while avoiding damage to healthy tissue surrounding the aggregates.
We hypothesized that AMF-induced heating of targeted MNPs is sufficient to disrupt the hydrophobic interactions and hydrogen bonds between fibrils and effectively destabilize the aggregates. To investigate the efficacy of the magnetothermal approach, we first chose MNPs that exhibit efficient heat dissipation at biomedically safe AMF conditions. Next, we engineered the surface of these MNPs to stabilize them in physiological fluids and chemically target Aβ. We observed moderate clustering of MNPs on Aβ aggregates from transmission electron microscopy (TEM) analysis, strongly suggesting the influence of magnetic interactions between MNPs during binding. This hypothesis was supported by a statistical model of interacting magnetic dipoles, which predicts similar behavior. The effect of the AMF exposure on Aβ aggregates was quantified using fluorescence spectroscopy, dynamic light scattering (DLS) and TEM. Finally, we examined the biocompatibility of our magnetothermal approach on hippocampal neurons in vitro.
Results and Discussion

Aβ Aggregation Process
We monitored A aggregation kinetics for 168 hrs at physiological conditions using thioflavin T (ThT) as an indicator of -sheet fibril content. [23] [24] [25] Over the course of A aggregation (Figure 2A) , ThT fluorescence profile exhibited an elongation phase followed by a plateau phase, [26] corresponding to the self-assembly and elongation of mature fibrils with a characteristic -sheet structure ( Figure 2B and S1). Our A samples showed a ThT fluorescence plateau at 24 hrs. In order to further examine the first 24 hrs of A aggregation, we employed DLS to measure the distribution of hydrodynamic radii (R H ) of aggregates in solution ( Figure 2C ) without influencing the sample. [27] A 12 hr incubation time (corresponding to the aggregates R H = 1.1±0.307 µm) was chosen for the initial disaggregation experiments with MNPs and AMF to ensure that the 5 µm upper detection limit of DLS did not skew the results.
Measurement of Hysteretic Heating of MNPs
For the proposed AMF-induced disaggregation of A, highly monodisperse and uniform MNPs were synthesized following our previous work. [28] The safety and biocompatibility of iron oxide based MNPs have already been established for diagnostic and therapeutic applications in the central nervous system, such as in magnetic resonance imaging, cancer hyperthermia, and drug delivery. [29] [30] [31] [32] We reasoned that higher AMF-induced MNP power dissipation rate per gram of magnetic material, or specific loss power (SLP), would produce more effective disaggregation of A deposits. Nonspecific heating of healthy tissue via eddy currents induced by the applied AMF limits the product of the frequency f and the amplitude H o of therapeutically acceptable AMFs to ≤ 5×10 9 Am -1 s -1 . [33] To satisfy this condition and to perform experiments over the course of hours while maintaining the sample at 37 ± 2°C with heat from the resistive losses of the coil, we used AMF with ƒ =100 kHz and H o = 28 kA/m. At these AMF conditions, a SLP of 340 W/g(Fe) was observed for 22 nm Fe 3 O 4 particles. In all samples containing MNPs, the concentration was 0.028mg Fe/mL, a value sufficiently low that no measureable bulk heating of the sample relative to control samples was observed.
Targeting MNPs to Aβ
Because polyethylene glycol (PEG) coatings stabilize MNPs in physiological fluids and impart an additional biocompatibility to the system for applications in neuronal cultures, [34] carbodiimide chemistry was used to graft 10 kDa PEG chains onto the poly(acrylic acid) (PAA)-passivated water soluble MNPs. In order to ensure close proximity during AMF application, MNPs must be specifically targeted to A aggregates. To this end, the carboxymethyl end group of the PEG-coated MNPs was functionalized with the peptide sequence leucine-proline-phenylalanine-phenylalanine-aspartic acid (LPFFD) ( Figure 3A , estimation for degree of MNP functionalization in Figure S2 ), which binds to a hydrophobic domain on the A structure (amino acids [17] [18] [19] [20] . [11, 15] While LPFFD peptide is a -sheet breaker that can block A fibril growth and cause disaggregation in >10-fold molar excess with respect to A for extended incubation periods, [11, 12, 35] in this study, the ratio of LPFFD:A (1:15, with the unlikely assumption of 100% conversion) is far too low to inhibit fibril growth . [11] Structural studies indicate that the hydrophobic domain is largely confined to the fibril core, [36, 37] which should restrict targeting to hydrophobic moieties exposed on the periphery of aggregates. The functionalization of MNPs was confirmed by measuring surface charge density ( Figure 3B ). PAA coated MNPs display a negative zeta potential of ~ -35 mV and the zeta potential value increases to neutral values following PEG and LPFFD grafting, indicating the consumption of carboxylic acids groups.
Targeting of LPFFD-functionalized MNPs (MNP-PEG-LPFFD) to Aβ aggregated for 12 hrs was confirmed via transmission electron microscopy (TEM) ( Figure 3D ). TEM images of Aβ aggregates in the presence of MNPs coated with PEG alone (MNP-PEG) were used as controls ( Figure 3C ). Automated analysis of TEM images revealed specific binding of MNP-PEG-LPFFD to Aβ aggregates (27.4±5.1 % area coverage), while little to no Aβ coverage was observed for MNP-PEG (3.07±0.59 % area coverage) ( Figure 3E ). The difference in Aβ coverage by MNP-PEG-LPFFD versus MNP-PEG was found to be statistically significant with p =2.4×10 -6 . The apparent non-uniformity of MNP-PEG-LPFFD binding to Aβ is likely driven by magnetic interactions between the nanoparticles (Figure 4) . DLS data ( Figure 3B) indicates colloidal stability of MNPs in PBS, and hence we hypothesize that the observed MNP clustering takes place during binding to Aβ, rather than in solution. As our MNPs exhibit significant magnetic moments and are coated in electrostatically neutral ligands, we anticipate that magnetic dipole interactions influence their collective behavior during binding.
To investigate this effect, we developed a simple statistical model (Supporting Information) that considers the probability of a MNP binding to a specific site on the Aβ backbone ( Figure   4A ) based on its interaction with other particles already bound to the same aggregate. Figure   4B illustrates a random distribution of MNPs on an Aβ aggregate, neglecting magnetic interactions. To account for these interactions while adding particles to the grid stochastically, the random placement of each subsequent particle on an available site { , } can be weighted according to the probability , , which describes a random selection from a Boltzmann distribution of potential binding site energies:
where is the Boltzmann constant, is temperature, and is the partition function:
Here , represents the Zeeman energy of a hypothetical magnetic dipole ⃑⃑ , added to an available site { , } and locally aligned with the net magnetic field from the other dipoles ⃑⃑ 1 … ⃑⃑ present on the grid:
where 0 is the permeability of free space, and ( , − ) represents the relative position vector between dipole ⃑⃑ and grid site { , }.
In assuming that the particles affixed to the grid are perfectly superparamagnetic, it is necessary to additionally consider how moments on the grid might influence the orientation of their neighbors. We studied two limiting cases: uncorrelated moments and fully correlated moments. Both incorporate magnetic interaction when adding particles, but in the former case, the orientation of the moments on the grid is randomized before each addition, whereas the latter case minimizes the energy of the ensemble before each particle is added. In contrast to the random distribution shown in Figure 4B , we find that when magnetic interactions are used to weight the pseudorandom addition of MNPs to the grid, the particles tend to form clusters ( Figure 4C ), especially when the moments of the ensemble are uncorrelated ( Figure   4D ). In the case of fully correlated moments, MNPs form smaller clusters and chains ( Figure   4E , F) on the Aβ backbone, as indicated by the reduced chain departure distance, the distance of a MNP from the line formed by the two previously added MNPs.
AMF-Induced Disaggregation of Aβ Deposits
The efficacy of AMF-induced disaggregation of A deposits decorated with MNPs was corroborated by TEM image analysis of samples treated and not treated with AMF. Following a 12 hr aggregation period, A samples were decorated with MNP-PEG-LPFFD and either incubated for an additional 3 hrs or subjected to a 3 hr treatment with AMF. For untreated
samples, TEM images show A aggregates decorated with MNPs and virtually no isolated
MNPs or short fibrils ( Figure 5A) . In contrast, samples exposed to AMF display a significant diversity of fibril sizes, particularly short fibrils, small aggregates, and many MNPs-PEG-LPFFD detached from fibrils, suggesting fibril scission at points of local power dissipation ( Figure 5B ). Automated analysis of TEM images reveals an average aggregate size reduction of 68% for samples treated with AMF ( Figure 5C ). In images of the control experiments, there is no significant change in aggregate size of A alone or A in the presence of PEG-MNPs with AMF exposure ( Figure S4 ).
To avoid possible drying effects that may influence TEM image analysis, the hydrodynamic size distribution of 12-hr-old Aβ aggregates was monitored for samples with and without 3 hr Figure 6C ). Reducing the bin size allows us to resolve the distribution of the aggregates following the AMF treatment, revealing the area range 0.09×10 5 -12×10 5 nm 2 ( Figure 6D ).
The data presented in Figures 6C and 6D were not normally distributed as determined by a two-sample Kolmogorov-Smirnov test, and consequently Wilcoxon rank-sum test was performed to confirm statistical difference of the aggregate area distributions for AMF-treated and non-treated samples (p < 0.001). [38] The decrease in ThT fluorescence intensity for 168-hr-old Aβ aggregates decorated with MNP-PEG-LPFFD following 6 hrs of AMF as compared to the samples incubated for 6 hrs at 37 °C without AMF exposure further confirms magnetothermal disruption of β-sheet structure ( Figure 6E ). The ThT fluorescence experiences a slight increase for pristine Aβ samples, while Aβ samples in the presence of untargeted MNP-PEG do not exhibit any notable change in ThT fluorescence. The former might be explained by the accelerated aggregation of Aβ observed at elevated solution temperatures that may be reached during the AMF treatment. [39] (Fluctuations of ± 2 °C occur in our apparatus). The lack of ThT fluorescence intensity change in the Aβ sample in the presence of untargeted MNP-PEG may stem from the competing aggregation at elevated temperatures and disaggregation induced by MNPs nonspecifically trapped within some Aβ aggregates. Similar trends in fluorescence were observed for 24-hr-old Aβ exposed to 4 hrs of AMF ( Figure S7 ).
Effect of Magnetothermal Disruption of Aβ Aggregates on Neuronal Viability
While the biocompatibility of iron oxide MNPs has been established in numerous in vitro and in vivo studies, [29] [30] [31] [32] 34] including our earlier work, [40] here we aimed to evaluate the potential neurotoxic effects of magnetothermal disaggregation of Aβ. Specifically, a number of reports indicate that soluble Aβ oligomers may yield greater neurotoxicity than larger aggregates. [10, [41] [42] [43] While our data presented in Figures 5 and 6 indicates that our method yields smaller Aβ aggregates rather than oligomers, we have investigated the effects of magnetothermal Aβ disaggregation on the viability of primary hippocampal neurons in vitro.
To mimic the physiological environment, hippocampal neurons were incubated directly with Aβ aggregates (Figure 7A) , and their viability was assessed in the presence of magnetothermal treatment ( Figure 7B ). We found that in the absence of MNPs, Aβ aggregates led to a significant decrease in neuronal viability (~70% as compared to control cultures without Aβ) ( Figure 7B ). Interestingly, 3 hr application of AMF in the presence of MNPs targeted to Aβ fibrils did not induce neurotoxic effects (neuronal viability ~95%). The untargeted MNPs also appear not to induce neurotoxic effects, which may be explained by the non-specific entrapment of MNP-PEG within the Aβ aggregates. The colloidal stability of MNP-PEG may be reduced in the calcium ion and magnesium ion rich artificial cerebrospinal fluid as compared to PBS that was used for in situ experiments. Furthermore, due to magnetic interactions between MNPs, it is plausible that nonspecific entrapment would lead to clustering of MNPs on the fibrils enabling disaggregation in the presence of AMF.
Mechanisms of Aβ Disaggregation
Solving a macroscopic heat transport equation for isolated MNP heat sources surrounded by water predicts a negligible temperature increase <<1 °Cclearly insufficient to disrupt βsheet structure. [44] This prediction, however, is contradicted by recent experimental evidence showing effective temperature increases on the order of 10s of °C within the first few nanometers of MNP surfaces, [45] making it plausible that MNPs decorating the A aggregates could generate significant local heating. Furthermore, based on the analysis of the TEM images ( Figure 3 ) and the statistical model for the distribution of interacting magnetic dipoles ( Figure 4 ), MNPs targeted to A deposits tend to form clusters. These MNP clusters can then produce more substantial collective heating of the surrounding protein matter than the individual MNPs. [46] [47] [48] Increased temperature is anticipated to excite vibrational modes within the A fibrils, leading to significant bending and tension that weakens hydrophobic interactions between fibrils and subsequently introduces defects into the aggregate. [49] This hypothesis is supported by atomistic modeling suggesting that the strength properties of amyloid fibrils are highly length dependent, and fibrils approaching micrometer-length scale become increasingly mechanically weak, and tend to break even under minor thermal fluctuations. [2, [49] [50] [51] According to our image analysis, the MNP-mediated disaggregation of A aggregates does not produce soluble oligomers (3-10 nm in diameter), which are intermediates in the fibril formation pathway and have been hypothesized to confer synaptic dysfunction, [7] [8] [9] [10] [52] [53] [54] but it instead generates smaller fibrillar aggregates (~100-400 nm in diameter). Tuning the AMF and MNP parameters to produce aggregates of various sizes could be a useful platform for investigation of protein aggregation, and could potentially have therapeutic benefits, as the smaller aggregates generated by MNP cleavage are in the size range suitable for engulfment and clearance by microglia. [55, 56] 
Conclusion
We demonstrate a technique using remotely triggered local heating to disaggregate deposits of the small protein A , which plays an important role in AD pathogenesis. Surface modification of ferrite MNPs enables specific targeting to protein aggregates, restricting the magnetothermal interrogation to the desired site under applied AMF. Biocompatibility assessment in primary hippocampal cultures indicates that exposure to MNPs and AMFs does not yield neurotoxic effects. Based on these findings, we suggest that the magnetothermal platform may serve as a safe and facile wireless tool for basic study of aggregation in protein misfolding systems.
Experimental Methods
Aβ preparation: Aβ was synthesized, purified, and characterized by Dr. James I.
Elliott at Yale University (New Haven, CT). The peptide mass and purity were determined by electrospray/ion trap mass spectrometry and purified by reverse phase high-performance liquid chromatography (HPLC), respectively. Aggregate free Aβ monomer solution was prepared as described previously. [26] Aβ peptide (1 mg al. [28] AMF Experimental Setup: The AMF experiments were performed on a custom AMF coil driven by a 200 W amplifier (Electronics & Innovation, Inc., 1020L). The coil consisted of a ferrite toroid (Ferroxcube, 3F3) machined to include a 0.75 cm gap and wrapped with 1050 strand 40-gauge litz wire (MWS Wire Industries) ( Figure S8 ). An RLC resonance circuit ( Figure S8 ) drove the circuit at 100 kHz, simultaneously exposing up to three 500 μL sample tubes to the AMF. The field amplitude was measured by a custom-built inductive field probe employing a pickup loop and an oscilloscope (Agilent 33210A). Thermal effects of resistive power dissipation by the wires and hysteretic core losses were offset by a simple cooling system circulating ice water to the coil via silicone tubing.
AMF Test: For all AMF experiments, Aβ was carried out using Wolfram Mathematica 10 software, [58] and ImageJ [59] TEM Sample Preparation: Negative-staining TEM was used to visualize Aβ. 10 μL of each sample was adsorbed for 10 min onto carbon-coated copper grids (Ted Pella, Inc.) and gently wicked away with filter paper. 10 μL of freshly filtered 2% uranyl acetate staining solution was then adsorbed for 2 min onto the grid and gently wicked off. Grids were allowed to dry in a light-protected environment for several minutes before being imaged on a Tecnai G2 Spirit TWIN electron microscope at 120 kV.
Image Analysis/Thresholding: To evaluate targeting capability of MNPs, we used ImageJ [59] software to set a threshold for TEM image analysis, which we used to extract the MNP coverage of the aggregates. To calculate the area of the fibrils from the TEM images, we set the upper threshold by finding the mean pixel value of the background of the image and subtracting three standard deviations from this mean (3σ). An identical process involving the mean pixel value and 3σ of the fibrils was used to calculate the area of the MNPs ( Figure S9 ).
To analyze size distribution of aggregates for samples treated with AMF, the "Analyze Particles…" command in ImageJ 1.47c under the Analyze tab on the toolbar was used to bin the areas of aggregates in TEM images from each test group. Further analysis was performed in MATLAB (The MathWorks Inc.) with routines from the Statistics Toolbox.
In vitro AMF treatment: For the in vitro AMF experiments, primary hippocampal neurons were seeded onto 5mm round-coverslips coated with matrigel at a density of 10,000 cells per coverslip. Aβ was aggregated in PBS at 37°C for 12 hrs. Aβ aggregates were prepared as described previously for disaggregation in solution. The aggregated Aβ solution (Aβ, Aβ + MNP-PEG, or Aβ + MNP-PEG-LPFFD) was dropped into the hippocampal neuron's culture at a final concentration of 5 µM in Tyrode. Hippocampal neurons incubated with the different Aβ solutions were treated for 3h with AMF at the field conditions previously described ( Figure S10A ). An AMF insensitive fiber optic temperature probe was secured inside the cell sample holder to monitor the temperature throughout the AMF experiment to ensure it was maintained at 34 ± 1°C ( Figure S10B ). 
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. 
Supporting Text
TEMs such as the examples shown in Figures 3D and S3 indicate that the magnetic nanoparticles in this study tend to occur in clusters when bound to A aggregates. This raises the question of whether these clusters form before binding to the A, casting doubt on their stability in solution, or whether the clusters form during the process of binding to the A.
While DLS data shown in Figure 3B contradicts the hypothesis that the magnetic nanoparticles in this study spontaneously form large clusters in solution, this information alone does not explain how stably suspended, superparamagnetic nanoparticles can cluster upon binding. To offer a possible explanation, we have employed a simple conceptual model that makes use of physical data directly relevant to the experiments described in the main text.
The model begins with a two dimensional grid of available sites, arranged in a pattern originating from a thresholded TEM of undecorated A fibrils, as shown in Figure 4A . For simplicity and to prevent overlap, the grid spacing was taken to be the physical diameter ℎ of the nanoparticles, 22.0nm (±0.7), as previously measured by TEM. A magnetic nanoparticle added to this grid can be described by its position and the orientation of its moment. The Zeeman energy of a trial dipole ⃑⃑ in the field of a source dipole ⃑⃑ can be written generally as follows:
Where 0 is the permeability of free space (which is essentially unchanged in water) and
is the position of the trial dipole relative to ⃑⃑ . Relative position is expressible in terms of the grid positions of the trial dipole and source dipole :
If the moments of the source and trial dipoles are both equal to | ⃑⃑ |and the trial dipole is assumed to be locally aligned with the source dipole's field, its minimal energy configuration, then equation 1 reduces to:
A population averaged magnetic moment can be inferred by measuring susceptibility of a nanoparticle sample in solution in the low field limit with a vibrating sample magnetometer.
To put this quantity in intuitive terms, we employ the concept of "magnetic diameter" , or the diameter corresponding to an idealized, uniformly magnetized sphere with bulk saturation magnetization and an identical moment . [60] = √ 6 3 
(4)
The magnetic diameter of the particles used for all data shown in the main text was found to be smaller than the physical diameter, or approximately 18.8nm, assuming a saturation magnetization of magnetite, 4.7 × 10 5 −1 .
Dividing by the ambient thermal energy and converting the units of distance on the grid into meters suggests a convenient unitless prefactor . Suppose that an ensemble of particles is built up one by one, with particles remaining permanently bound to the sites where they are added. These particles could be added randomly to available sites, as in the example shown in Figure 4B . Alternatively, the pseudorandom addition of particles can be weighted according to a scheme motivated by statistical mechanics in order to take into account the influence of magnetic interaction compared to thermal fluctuation. The total energy of a test dipole at any grid site , is just a sum of the dipole interactions with all the particles presently on the grid. If the weighting scheme assumed for the addition of particles follows a Maxwell distribution, then the probability of adding a new particle to an available site , is given by:
Where is the partition function.
Figures 4B, D, and F show that the energy of magnetic interaction predicted for sites close to particles on the grid is attractive and of comparable or larger magnitude to the ambient thermal energy. (I.e., for sites close to particles, , ⁄ ≤ −1).
One additional aspect of the model worth consideration is the influence of the particles upon the orientation of the moments of their neighbors. Neighbors will exert torques upon each other and thereby influence the overall profile of the magnetic field. In a real system, one can imagine that the orientation of moments would fluctuate, but exhibit correlation with the local field. Rather than account for this complexity directly, we instead considered two comparatively simple extreme cases: randomized moments with no correlation and fully correlated moments.
In order to consider the second case, an algorithm was employed that begins by randomly sampling different moment orientations to coarsely determine a minimal energy configuration. After this, the moments are finely relaxed into alignment with the local field.
Both the uncorrelated and fully correlated cases lead to clustering when magnetic interactions are taken into account, as shown in Figures 4D and F . Assuming interaction with uncorrelated and randomized moments, a single cluster was typically formed, and hence a lower median interparticle distance was predicted ( Figures 4C, D) . In the case of fully correlated moments, the tendency is to form chains, demonstrated quantitatively by comparing the distance of each particle from the line defined by the two particles previously added, or "chain departure distance" (Figures 4E, F) . That these chains tend to form horizontally and vertically is likely a numerical artifact, a consequence of the fact that the mesh is rectangular and the distance between grid points is minimal in these directions. The correlated moments often form multiple clusters because the superposition of dipole fields from a chain of aligned dipoles results in large magnitudes at the ends, and comparatively small magnitudes near the middle of the chain. This, in combination with the possibility that a site at the end of an existing chain might be unavailable for binding, provides an explanation for the frequent occurrence of multiple clusters in the simulations with correlated moments.
It should be emphasized that this model is highly simplified in order to illustrate that magnetic interaction could plausibly account for clustering behavior of ideally superparamagnetic particles as they bind to A, even though they are stably suspended in solution. Though relevant features are physically motivated, it is not intended as a fully rigorous model. For instance, the presence of binding sites would be determined by protein structure, rather than assuming the whole A surface is available. Binding would not necessarily be permanent, and it would be more rigorous to consider the spatial variation of the full free energy governing the behavior of the particles in solution. Despite their spherical appearance, the particles would exhibit magnetic anisotropy, whether arising primarily from the cubic magnetocrystalline anisotropy of magnetite or from subtle eccentricity in their shape. In a more computationally intensive treatment, perhaps particles could be modeled as undergoing a 3D weighted random walk in solution, with each step influenced by their interaction with a spatially variable 3D free energy determined by the solution and the A fibrils. Despite its simplifications, the approach that we implemented offers predictions that are in good qualitative agreement with TEM data and clarifies the expected effect of magnetic interaction on binding. 
